The cavitation and cavitation erosion phenomenon have been shortly presented. The main four types of test rigs to investigate the cavitation erosion resistance have been shown. Each type of test design is described and an example of a design is shown. A special attention has been payed to the designs described in the International ASTM Standards: a vibratory design and a cavitating jet cell. There was shown that the design of a test device and the test conditions affect the resistance to cavitation erosion of a material.
INTRODUCTION
Cavitation phenomenon is defined as the process of development and growth of vapor bubbles in fast flowing liquid due to a rapid pressure drop, and then implosions of bubbles at the time of liquid pressure increase [1] [2] [3] [4] [5] [6] . During bubble implosion shock wave and micro-jet are formed. Factors contributing to the phenomenon are: flow rate, pressure drop, temperature and chemical activity of liquid and content of dissolved gases or steam in the liquid [2] [3] [4] [5] [6] [7] [8] . Degradation of materials caused by the multiple impacts of shock waves and micro-jets is called cavitation erosion.
The cavitation erosion phenomenon is the major problem confronting designers and users of high-speed hydrodynamic system. It occurs mostly in fluid-flow machinery, for example pumps, water turbines, marine propellers, also in devices in the chemical and petrochemical industries, in diesel engines and pipelines [1] [2] [3] [4] [5] [6] [7] . Cavitation erosion is a reason of a drop of efficiency, an increase of noise and a decrease of service life of the systems [2] [3] [4] 6] . Therefore, an interest of investigations of materials resistant to cavitation erosion remains at high level from many years.
In order to prevent materials against cavitation degradation, investigations of factors influencing the material resistance and methods of prediction of the material degradation rate have been performed. For that reason and in order to better understand the cavitation erosion phenomenon, several types of test rigs have been designed. Some of them have been described in International ASTM Standards. The aim of this paper is to present the main types of the test rigs in investigating material resistance against cavitation erosion. Additionally, in order to better understand the design of test rigs, cavitation phenomenon and cavitation erosion phenomenon have been also shortly presented.
CAVITATION PHENOMENON
Cavitation is a complex phenomenon, to which many investigations and publications have been devoted. The most important ones are the works of Knapp et al. [9] , Brennen [6] Lauterbourn et al. [10] [11] [12] and the most recent one edited by Kim et al. [13] . Cavitation occurs in fast flowing liquid through a barricade that causes rapid pressure decrease below the critic pressure and violent formation of bubbles from undissolved gases in a liquid. The gas contained in the cavitation bubbles contributes to the formation of new cavities after their implosion, which can be repeated many times. Therefore, the content of gases in a liquid plays an essential role in cavitation initiation and development. Knapp et al [9] have showed that in a cavitation cloud are typically 10 9 -10 14 cavitation nuclei and there is correlation between the number and diameter of cavitation nuclei: along with a radius decrease the number of nuclei increases. Along with the liquid flow the bubbles move from the low pressure area to the high pressure area, which causing their implosion. The implosion of bubbles generates shock waves and liquid micro-jets.
In order to compare the state of cavitation development is used so-called cavitation number, which represents the probability of cavitation occurrence in a flowing stream of liquid. The cavitation number, σ, is determined by following equation: With decrease of cavitation number cavitation moves to more developed state and becomes more severe.
Lindau and Lauterborn [11] proposed a division of cavitation into cavitation caused by tension or by energy deposition (Fig. 1) . He said that "hydrodynamic and acoustic cavitation are the result of tensions prevailing in a liquid, while optic and particle cavitation are the consequence of local deposition of energy." According to this division, hydrodynamic cavitation occurs due to rapture of liquid caused by pressure variation in flowing liquid. This type of cavitation is an essential problem in most hydraulic machinery. Next type of cavitation is acoustic cavitation, which is caused by pressure drop in a liquid resulting from propagation of acoustic wave. These two types of cavitation, hydraulic and acoustic cavitation, are used in their study of the phenomenon of cavitation erosion. In optic cavitation, high-intensity light, e.g. laser, is used to rupture a liquid and produce cavities due to delivering necessary intensity and energy in a very short time. This type of cavitation is used to study dynamic of cavitation bubble evolution. The last type of cavitation, particle cavitation is generated by elementary particle that rupture a liquid. 
CAVITATION EROSION PHENOMENON
Cavitation erosion is a complex phenomenon of material degradation caused by implosion of cavitation bubbles in vicinity of solid surface. The size of loaded area, kinetic energy, rate of loading, temperature and frequency of loading have an effect on material degradation.
Due to cyclic loading the complex stress distribution arises in the surface layer that undergoes deformation. An increase of stress is time dependent and is determined by power and number of loading. If stress exceeds the material endurance cracks are generated and developed leading to removal of material particle. Thus, the cavitation erosion is time depend and is a kind of fatigue-like damage. In order to uniform the description of material degradation and test results, terminology related to cavitation and cavitation erosion is covered by the ASTM G-40 Standard. The most common way of presenting the results of material degradation caused by cavitation erosion is using graphs with cavitation curves that show an increase of cumulative volume or mass loss in time or graphs showing the correlation between cumulative mass or volume loss rate and exposure time (Fig. 2) . According to ASTM G-32 Standard, material degradation and cavitation curve is divided into four periods: incubation (I), acceleration (A), deceleration (D) and steady state (S) (Fig.  2) . At the beginning of material degradation occurs the incubation period, during which material loss is imperceptible small or non-measurable, properties of the surface layer are changed, plastic deformation in the form of pit and microcracks are created. These processes are the result of accumulation of impact energy by the material in the surface layer [1, 2, [4] [5] [6] . The next period is the acceleration period, in which occurs intensive material loss. This time interval the erosion rate increases to a maximum value. Accelerated degradation of the surface leads to change of surface geometry that causes start the next degradation period -the deceleration period. The last period of degradation is steady state period, during which the erosion rate is almost constant [1] [2] [3] [4] [5] [6] [7] . It should be added that the rate of material loss depend on material properties and on intensity of load, which is influenced by test rig design.
In order to describe degradation of materials caused by cavitation erosion, several parameters are proposed in ASTM Standards. The most important are: incubation period, mean depth of erosion penetration, MDE (also known as mean depth of penetration, MDP) and mean depth of penetration rate, MDPR. According to ASTM G-32 Standard, mean depth of erosion is "the average thickness of material eroded from a specified surface area, usually calculated by dividing the measured mass loss by the density of the material to obtain the volume loss and dividing that by the area of the specified surface": (2) where:
∆m is mass loss, ρ is density of the specimen, A is referenced area of specimen. MDPR is the rate of average eroded material volume loss per unit of exposed area. MDPR is inversely proportional to the ultimate resilience of the material. MDPR is related with mean depth of erosion penetration and defined by: (3) where:
t is exposure time.
CAVITATION EROSION RIGS
In investigation of cavitation erosion resistance of materials the most important factor is ensuring condition repeatability. Depending on the method of generating cavitation, the test devises can be divided into four main types of design [5,9,13,15- The vibratory and cavitating jet apparatus are described in the ASTM G-32 and ASTM G-134 Standards.
Vibratory apparatus
A vibratory apparatus is the most popular device in testing cavitation erosion resistance [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Cavitation is generated by oscillating horn. Depending on location of a specimen, there are two types of devices: with a vibrating or a stationary specimen (Fig. 3) , called the direct and the indirect method, respectively.
The ASTM G-32 Standard concerns the direct method, in which a specimen is attached to a vibrating horn. The device consists of the vessel containing the test liquid, horn, transducer and power supply (Fig. 3a) . The vessel is cylindrical, and the depth of liquid in it shall be 100 ± 10 mm. The immersion depth of the specimen test surface shall be 12 ± 4 mm. The vibrations are generated by a magnetostrictive or piezoelectric transducer. The frequency of oscillation is required to be 20 ± 0.5 kHz and the peak-to-peak displacement amplitude of the test surface of the specimen shall be 50 µm ±5 %. In case of weak materials, the peak-to-peak displacement amplitude can be 25 µm. However, besides the devices that respect the ASTM Standard, there are also the rigs, which work with different than mentioned frequency and the peak-to-peak displacement amplitude. Investigations performed in International Cavitation Test [15] showed that frequency and the peak-to-peak displacement amplitude have an effect on generated cavitation intensity. With a decrease of those parameters, cavitation intensity and erosion rate decrease, for example: a decrease of the peak-to-peak amplitude from 50 µm to 32 µm caused a decrease of maximum depth penetration rate (MDPR) from 6.1 µm /min to 0.98 µm /min for AlMg2 aluminium alloy or from 0.45 µm /min to 0.043 µm /min for 1H18N9T austenitic stainless steel [15] In case of the device with a stationary specimen -the indirect method of investigation of cavitation erosion, a specimen is located under the horn (Fig. 3b) . Depending on the distance between the horn and specimen, the specimen is subjected to various cavitation load. In most devices the frequency is close to 20 kHz. Similarly to the direct method, the peak-to-peak displacement amplitude may vary in a wide range. In cavitation tests showed in Ref. [15] , the amplitude may be in the range from 25 µm to 117 µm. With an increasing amplitude increases erosion rate. Similar effect was reached with lowering standoff distance. The vibratory device has many advantages. It allows performing cavitation test in various liquids, including sea water or artificial sea water [21] , blood [22] and liquids with solid particles [24] . The results of testing are repeatable. Due to generated intensive cavitation, the tests are not time consuming. In addition, the devices are small and very economical. However, Momma in his Ph.D thesis [25] pointed that vibratory apparatus generates different cavitation than that in flow devices, e.g. in hydraulic systems (pumps, turbines etc.).
Cavitating liquid jets
Applying the cavitating jet to the testing of cavitation erosion was proposed by Lichtarowicz in 1972 [26] . The jest is obtained by maintaining a high pressure difference across a nozzle and a specimen (Fig. 4) . The test cell designed by Lichtarowicz was called his name and in 1995 was standardized in the ASTM Standards under G-134. The scheme of Lichtarowicz's stand is presented in Fig.4 . The system consists of two flows that allow controlling cavitation phenomenon. Invariable position of the sample allows stopping the tests at anytime, doing measurement of the sample and reinserting in handle continuing the tests. This test stand is commonly used in view of easy control of occurring phenomenon and easy match the intensity of cavitation [27] [28] [29] [30] [31] [32] . Cavitation intensity is controlled by a type of a nozzle, jet velocity, the jet diameter and a stand-off distance that is defined from a nozzle to a specimen [25, 31, 32] . The jet pressure can achieve 450 MPa, jet velocity may exceed 250 m/s, the diameter of a nozzle may vary in a wide range similar to the distance between nozzle and sample [27] . For example in Ref. [29] , the nozzle with diameter of 0.4, 0.45, 0.55, 0.6 mm was used, while in Ref. [27] , the nozzle diameter was used up to 2 mm was. Using the flow visualization devices, an influence of the nozzle geometry on the cavitation parameters, such as downstream pressure, jet velocity and pressure distribution in the test chamber, was studied [29, 30] . A decrease of the nozzle diameter caused a decrease of the jet width, jet spreading angle and cavitation cloud density [30] . Wide analysis of an effect of the nozzle shape has performed by Soyama in Ref. [32] . He has investigated eight different geometries of test nozzles. According to Ref. [32] , the nozzle geometry has an influence on the optimum standoff distance and erosion intensity, even though the other test parameters remains is the same. The maximum difference in the maximum erosion rate for the same material was more than 600%. However, the relative cavitation erosion resistances of each tested material were independent of the nozzle geometry [31] .
Next advantage of this apparatus is the uncomplicated control of the operating pressures to simulate a variety of cavitation conditions, which are relevant to the real flows, e.g. in ocean [33] . According to Lipej [28] , this cavitation device enables imaging the real cavitation erosion process.
Cavitation tunnels
Cavitation tunnels, in opposition to earlier mentioned devices, are much bigger in size (Fig. 5) [34] [35] [36] . Cavitation is generated either using cavitators, e.g. a cylindrical bolts (Fig.  6a) , wedges, a system of barricade/counter-barricade (Fig. 6b) , or using a venturi effect (Fig.  7 ) [15, [34] [35] [36] [37] [38] . Besides the mentioned cavitation inducers, there is also cavitation tunnels with hydrofoil that is put into a test section (Fig. 8) [39] . A test chamber often has a viewfinder that allows observing the flow and the cavitation cloud. Cavitation tunnels allow executing experiments that enable defining occurrence of various zones of cavitation phenomenon, and for that reason they often used for fundamental research on cavitation impingement and erosion. A test sample is usually placed in the wall of the canal -the place of occurrence of the cavitation phenomenon. Cavitation intensity depends on the geometry of the flow system in the test chamber, and also on the flow rate. In case of using the system of barricades, the flow geometry is easily modified by regulation of slot width. The flow velocity depends on the inlet and outlet pressure that are controlled using valves located before and after the test chamber. According to Ref. [15] , the liquid velocity during cavitation test may be in the range from 2.4 m/s to 30 m/s, this corresponds to the range from 28 to 45 m/s of local liquid velocity. Flow velocity and the shape of cavitator influence the erosion rate. Based on cavitation tests [15, 34] , the least intensive cavitation erosion was reached in a tunnel with wedge cavitator, while the most intensive cavitation in a tunnel with a cylindrical bolt. The flow velocity can causes increase of aggressiveness cavitation erosion what contributed to design high-speed cavitation tunnel, where the maximum pressure can achieve 4 MPa and the flow velocity about 90 m/s [13] . Temperature control at constant value during long tests provides a heat exchanger. The high-speed cavitation tunnel allows to preserve the cavitation number during the modification of flow velocity. Among the high-speed cavitation tunnels can list tunnels: venturi with or without a central body, cylindrical specimen spanning the tunnel or radial divergent [35] . The venture tunnel /test section/ in Ref. [35] (Fig.7) allowed to obtain a flow rate of 50 m/s.
The results from the tests were used to compare the results obtained on the vibratory apparatus. Was observed, that the incubation time was in correlation with the cavitation resistance for both facilities. The cavitation intensity measured as maximum depth penetration rate (MDPR) was few times greater in the vibratory apparatus. Venturi tests shown that with increasing temperature and velocity MDPR is also increasing. 
Rotating disc apparatus
The rotating disc apparatus allows reflecting the conditions of real flow in vortex hydraulic machines [37, [40] [41] [42] [43] . An example of a rotating disc rig and a cover with specimen holders are shown below in Fig. 8 . Cavitation is generated either by holes or by cylindrical bolts located on the surface of rotating disc, so cavitation intensity can be either very weak or very severe, respectively. Samples of tested material can be placed on the disc (Fig. 9 ) or in special holes drilled in the disc [34, 35] . The disc construction allows to mount several samples and observe the phenomenon via an observation window.
According to Ref. [12] , volume loss of austenitic stainless steel X6CrNiTi18-10 (1H18N9T) in erosion test performed in a rotating disc rig with cylindrical bolts as cavitators was over two times bigger than that in a vibratory rig designed according to ASTM G-32 Standard. Fig. 9 . Rotating disc (left) and cover with specimens holders and cavitation (right) [35] In Ref. [42] reported that the peripheral velocity depends on specimen position on the rotating disc, which also affected mass loss of the samples. Mass loss increasing with the size of the sample surface, but with decreasing peripheral velocities the mass loss was also decreasing.
CONCLUSION
In the paper four main types of cavitation erosion stand have been presented. Two of them: the vibratory and cavitating jet apparatus are standardized and described in the International ASTM Standards. Many of the apparatus are modified to reproduce the conditions prevailing in cavitation erosion devices. Each modification of the construction allows to examine the behavior of the material in different forms of cavitation. The differences in the test device design and in testing condition cause the differences in the cavitation resistance of tested materials. Using the cavitating jet cell the rate of erosion is comparable with the results obtained in cavitation tunnels. An important aspect is also the standardization of the position which enables not only easy control of tests conditions, but also the speed of erosion. This would allow a preliminary determination the resistance of the material subjected to the specified cavitation loads.
